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Reading material and referen

Lecture material based on several textbooks and online lectures/notes.
Credits for material and figures include:
Literature

Perkins, Donald H. (2000), Introduction to High Energy Physics.

Griffiths, David J. (2nd edition), Introduction to Elementary Particles.

Stone, Sheldon (2nd edition), B decays.

Online Resources

Belle/BaBar Collaborations, The Phyiscs of the B-Factories.
http://arxiv.org/abs/1406.6311

Bona, Marcella (University of London), CP Violation Lecture Notes,
http://pprc.qmul.ac.uk/ bona/ulpg/cpv/

Richman, Jeremy D. (UCSB), Heavy Quark Phyiscs and CP Violation.
http://physics.ucsd.edu/students/courses/winter2010/physics222 /references/driver_houches12.pdf

Thomson, Mark (Cambridge University), Particle Physics Lecture Handouts,
http://www.hep.phy.cam.ac.uk/ thomson/partIIIparticles/welcome.html

Grossman, Yuval (Cornell University), Just a Taste. Lectures on Flavor Physics,
http://www.lepp.cornell.edu/ pt267/files/notes/FlavorNotes.pdf

Kooijman, P. & Tuning, N., CP Violation,
https://www.nikhef.nl/ h71/Lectures/2015/ppll-cpviolation-29012015.pdf
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Recap & outline

So far, we:

Covered a wide range of material including: the CKM matrix; Kaon and
B-meson mixing; 3 types of C'P violation; how to measure the 3 angles
of the unitarity triangle; and quarkonium studies.

We’ve focused heavily on experimental challenges and techniques,
including: tracking; Dalitz; decays with undetectable particles
(neutrinos); multi-dimensional fits; background-subtracted fits; and more.

Today, we’ll:

Focus on rare decays and new physics searches at B meson factories.
We'll see how these are complementary to searches at the LHC.

Time permitting, we’ll close with a general review of mixing, where we’ll
briefly discuss the Bs and D meson systems. We’'ll also look into the D
decays where mixing was first discovered.
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What are rare B decays?

Loose definition:

Every B decay that doesn’t proceed by the dominant b — ¢
transition.

External spectator b — u Penguin b — s(d) Internal spectator b — u
b b
h L < j C
u u
W exchange b — u W annihilation Hairpin diagram
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Why rare decays?

Lessons from history:
Experimental observations:
< observed K+ — pT v, but not K° — ptpu~

GIM (Glashow, Iliopoulos, Maiani) mechanism (1970)
— no tree level Flavor Changing Neutral Currents
— suppession of FCNC via loops
—Requires that quarks come in pairs (doublets)
—Predicts existence of charm quark

Discovery of J/v(cc) state (1974)
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Quest for New Physics

Energy frontier
< Direct observation of particles and processes
using highest achievable energies
Intensity frontier
— Indirect observation of NP effects on (rare) known processes

Energy frontier VS. Intensity frontier
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Complementarity

Mlustrative reach of NP searches with ((10%) higher luminosity
Bellell TDR [arXiv:1011.0352]

High energy frontier (LHC) — direct searches of NP up to
O(1 TeV)

Intensity frontier (SuperKEKB)

= Up to O(1 TeV) if Minimal Flavor Violation assumed.

= Up to O(100 TeV) if Flavor Violation coupling enhanced.
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New physics searches in rare B decays

Search for effect of unknown particles on processes very rare within the SM
- We covered 7v and D*7v in our lecture on decays with neutrinos in the final state.

- Today we’ll look at additional channels (including some radiative [y] decays) for NP
effects.
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New Physics signatures?

Possible observables:
Decay rates

Direct C'P violation
Time-dependent C'P violation

Asymmetries in angular distributions
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Observables and experiments

Observables ac- Facility (2025)

Belle II Pl
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environment. . i el
had 2% Belle II/LHCh
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. .. hoad 0.01 Belle 11
had LHCh
with missing energy (v). - ol LHOD
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e Decays with multiple photons. I 020 LiCh/Belle I
(Semi-)leptonic
. B(B = 7v) [107] hod 3% Belle 11
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https://arxiv.org/abs/1808.10567

Tensions with the SM
in semileptonic B decays
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Recall the different tag-side reconstructions

Tagging techniques

Purity
Efficiency
Inclusive Semileptonic Hadronic
B — anything B — DWWy, B — hadrons
e~ 0(2%) e~ 0(0.2%) e~ 0(0.1%)

Very large statistics;
Also very large background

Mid-range reconstruction
efficiency;

Less information about Btag
due to neutrino

Cleaner sample
Knowledge of p(Bsig);
Lower tagging efficiency

12 /49
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e Very clean prediction from theory.

e New Physics could change the ratios

*)y _ B(B>D™ )
R(D™) = B(B—+D™)ew)*

e Effect could be different for D and D*.
e World average 3.10 away from SM.

~Ob——F——T—+ T+
x - -
(<) i HFLAV Ax?=1.0contours |
22 N - seBar2 7]
0351~ Bellel5 7
C LHCb18 ]
03 LHCb22 ]
025 ; ‘~~Be¢[e, ]
I Bellel7 . Average N
- . R(D) = 0.358 + 0.025 + 0.012 A
0.2~ JHFLAV SM Prediction R(D*)=0.285+0.010 £0.008 —]
r R(D) = 0.298 + 0.004 p=-029 1
o R(D*) = 0.254 + 0.005 P(X?) = 32% 1
c. v, I B
0.2 04 05
. . R(D) . .
Hadronic tag, leptonic 7 Hadronic tag, hadronic 7
Hadronic tag, leptonic 7 leptonic 7 hadronic 7
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B — D®r7 with Belle II & LHCb

Measurement SM Current World Current Projected Uncertainty'
prediction Average Uncertainty Belle 11 LHCb

5ab=! 50ab~! 8fb~! 22fb=! 50fb~!

2020 2024 2019 2024 2030

R(D) (0-200 £ 0.003) (0.403 % 0.040 £ 0.024) 11.6% 56%  82% - - -
R(D") (0257 £0.003) (0.310 % 0.015 + 0.008) 5.5% 32%  22%  3.6%  21%  16%
~ 0341 ‘
bt
S [/
¥ 0321 2
EERNENIN
03[
0.28}
0.261- [ LHCh Bellell 4
[ swm (= ]Future WA [+]SM prediction
L ‘ \ ‘ 1 ‘ | ]
0.24 0.3 0.35 04 0.45

R(D)

L Projected uncertainties not including improvements in detectors and algorithms
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https://arxiv.org/abs/1709.10308

New Full Event Interpretation (FEI)

algorithm for tag-side reconstruction
- Ur

tag side signal side

T(48)

Tracks | | VO objects KLMClusters | | ECLClusters |
) () (= K
I °
K

D’ D* D,

DD D}

Tagging £ on MC

Tag FR! FEI Belle FEI Belle 11
Hadronic BT 0.28% 0.76% 0.66%
SL BT 0.67% 1.80% 1.45%
Hadronic BY 0.18% 0.46% 0.38%
SL BO 0.63% 2.04% 1.94%

IBelle Full Reconstruction algorithm.
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Deep NN based flavor tagger

20000 - B
” 15000
%10000
5000
0 0.0 0.2 . .6 0.8 1.0
classifier output
T 66‘ MC
Category-based Deep NN
Belle II MC 33.29 £ 0.01%  40.69 £ 0.03%
Belle MC 29.30 + 0.10%2  34.42 & 0.09%

2Belle flavor tagger

Deep NN based ete™ — ¢g
background suppression

ROC Rejection Plot

100 pwwn

095

DNN(E+DL+V) 09977

- BDT(E+DL+V) 0.9974
——  DNN(E+DL) 0.9950
g ---  BDT(EYDL) 0.9940
DNN(E) 09776
BDT(E) 0.9664

Background Rejection

080 085 090
Signal Efficiency
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Electroweak penguin decays b — s 71~

e Within the SM, decays proceed via one loop
diagram: u v

_ BBYT=sKtutu) +0.00010
Ri = B(BT—=Ktete ) 1.00030 4 90007

® In 2021, LHCb reported a 3.10 deviation for the
dilepton invariant mass squared region
1.1 < ¢? <6 GeV?4/c?:

B +0.04240.013
R =0.8467 1 935 0012

ARTICLES

Test of lepton universality in beauty-quark decays

LHCb collaboration*

(This supercedes a tension reported in 2019 w/5fb l)
S e i
S
e FElectrons and muons have the same ¢ at Belle II:
= Both low and high g* regions possible. . . O <12 Gove e
Ref. ®
N s : Belle
el Belle Il Prospect = Befle Il Prospects ™+ 3 1047 <60 GeV2 e
< o« R — Ref. '
© 40 o 40
LHCb 5 fb™"
1.1<g°<6.0GeV?c*
N 5 Ref. '
LHCb 9 fb™"
4 4 —— 11<q¢°<6.0GeV ¢
3 7 3 9 This work
—[10, 6.0]Ge —[1.0, 6.0GeV’
2~ —[14.4, maxiGeV? 20 —[14.4, max|GeV? L L
05 10 15
i . A
10" 1 10 10? 10" 1 10

fab] fab’]
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https://arxiv.org/pdf/0709.4174.pdf
https://arxiv.org/pdf/2103.11769.pdf

RicJowrg? = 0994535
Ry central-g> = 0.949700%3
R lowg? = 0927L4 5

Ry central-¢*> = 1.027f%‘_%7’-§

4L LHCH
[ 9fp!
1.2
|
1.0F
S|
0.8F
: { Data
o6f — M

1

X°=1.6,p=0812, 0 =02

Ry low-¢° Ry central-¢> Ry~ low-¢> Ry central-¢>
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https://indico.cern.ch/event/1187945/

Still some hope: Full angular analysis of B — K*ll

2017 ATLAS & CMS results, and lepton-flavor-dependent

angular analysis by Belle

e Largest deviation of 2.60
from the SM for the muon
channel for
4<q®<8GeVt/c.

e Electron channel deviation
of 1.10.

e Belle IT and LHCDb will be
comparable for this process.

e Belle I will be able to
perform an isospin
comparison of K** and
K™, or the ground states
K.

0.0

—0.5 |

-1.0 |

-1.5 L L

Bl
- T

DHMV

4 Belle (muon mode)

K+ Belle (electron mode)
3
i

LHCb 2015
ATLAS 2017
CMS 2017

0.0 2.5 5.0

7

]

L L L
10.0 12.5 15.0

¢ [GeV?/cY)
Belle II sensitivity of Ps/

q2 (GeV?) Belle | Belle II (50ab— 1)
0.10 - 4.00 | 0.416 0.059
4.00 - 8.00 | 0.277 0.040
10.09 - 12.00 0.344 0.049
14.18 - 19.00 | 0.248 0.033

5
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https://arxiv.org/abs/1612.05014

Neutrino electroweak penguin decays
= The ultimate test of Belle 11
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Neutrino EWP decays b — svv: SM and NP

Electroweak-penguin (EWP) decays with 2 v’s in the final state.

Theoretically clean due to a maximum of one electromagnetically interacting
charged particle in the final state, as opposed to KOt decays.

Recall, FCNC are forbidden in the SM at tree level, but allowed at loop level.

= Very sensitive to NP entering the loops. Several new physics models (SUSY,
non-standard Z coupling) could enhance these decays. Can probe higher mass scales
than direct searches.

SM | . susy g
s 2
b W s b, ﬁk,'/ T St
u,c,t X,
SM / v Light Dark Matter %,
,,lﬁof‘,, /
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Signal extraction

. rare
B%-background

ntinuum B B*-background
M prediction x 4

Extract the signal yield by fitting the
Extra Energy in the Calorimeter:

=]

entries per 0.1 GeV
®

Sum of energies of neutral clusters not
assoctiated with reconstructed particles

‘ Egcr = Z Ecalor. — (Z Etag + Z Esig) ‘

1 1.2
Ege, in GeV'
Extensive Toy MC studies performed to estimate sensitivity: 1K bkgd.-only samples gen-

erated and fit for yield estimate. Fit bias estimated from ensemble tests and corrected for
in fit to data. (plot for Ktuvw)

contribution in %

Charm B decay & qq background continuum 26
EEg—— 2 leptons missing 153

for KTvv in EgcrL € (07 1'2) GeV. Ky s and lepton missing 65
lepton and hadrons missing 241

. o o 2 charged hadr issi 1.7
Dominant b — ¢ contribution from w:u:rgg; t);,g ons missing 33
g g hadronic, K missing 241
semileptonic B decays. hadeeni 70 sty "
no match 0.0

other 1.0
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Fit to dat

Extended binned ML fit to Egcy:

K*tup K3vo K*tup K*%up

- o . - -

3 3 3 37
V] O sf o [CR
S H g g

g £ e g e
2 2 2 g 3
g b g g 3

=
of
©
ol
=
of
o)

0.8 1

1 2 8 1 1.2
Ecc, (GeV) Ecer (GeV)

% % o % % = signal
] 5] 5] & 1" be
s S o 2 S - ot
= = 0 = = 10}
a 6H a @
@ @ i & 9
s
2|
8 1 12 02 04 06 08 1 1.2 06 08 1 1.2 D0 02 04 06 08 1 1.2
Eee (GoV) Ecel (GoV) Eccy (GeV) Eco, (GeV)
. . Channel Observed N; Significance
e Histogram templates to model signal and bkgds from .
Ko 177 £ 91 %34 190
, charmless B decay, and . KSww 06+ 42+ 14 000
K*tww 162 £ 74 + 18 230
: : K0 —20 + 36+ 18 0.00
[
Relative fractions of the background components o ey 1Eo Py
fixed to MC expectations. v 02 % 56+ 16 000
prow 62 + 123 + 24 030
Povi 119 + 9.0 + 3.6 120

e Signal and overall background yield allowed to vary.




Upper limits

Channel Efficiency Expected Limit Measured Limit

Ktvw 2.16 x 1073 0.8 x107° 1.9 x 107°

e Expected (exp.) and Kduvw 0.01 x 1072 1.2x107° 1.3x107°
observed upper limits K**vo  057x10°°2 24x107° 6.1x10°°

*0_ — — —

at the 90% confidence K+ v 0.51 x 10 Z 24 x 10 : 1.8 x 10 :

. . . atuw 2.92 x 10~ 1.3 x 10~ 14 %10

level (.mc.ludlng systematic O 1.49 % 10-3 1.0 x 10-° 0.9 x 10-5
uncertainties) pruve 111x 1073 25%x 1075 3.0x10°°
v 0.82 x 1073 22x 1073 4.0x 1078

Combine charged and neutral modes:
e The systematic uncertainties are evaluated on
independent MC and data control samples for

charged and neutral modes. B(B — Kvp) < 1.6 x 107°
= Can be considered uncorrelated. B(B — i ) <27%107°°
e Add the -£ and scale the B of the neutral B(B — mvb) < 0.8 x 10°°
modes by 74 /TB and repeat the calculation of ’ s
the limit: B(B — pvi) < 2.8 x 10
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Comparison with other measurements

BaBar hadronic BaBar semileptonic
A Belle hadronic result == SM prediction
V' this work expected A this work observed
A A

1ot A A
O A
e A A A
I=} A A
? A
& v v v
s |2 £
5 107% ¢ ¢ =
= v i

1076

Kt Ksvv Koo K0 wivw nvo QOup ptow
B decay channel
Worlds most stringent limits obtained for:

B° 5 K%3uvr, B° —» K*°uvp, B1/° 5 nt/% 5, BT/0 5 pt/0%up
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Dark sector
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Dark sector

® Dark matter suggests the presence of a dark sector, neutral
under all Standard Model forces (i.e. non-WIMP)

I?

Standard Model - Dark Sector

7+ ﬁ forces + particles
gk & L Z ;7 dark matter?

Known Forces

strong, weak, EM

/
,Y A AC — E 1,1Y,;r,1JFIU
One way: Dark 'V\N\/\, 2 1%
Photons.
€ “Kinetic Mixing”

Galison, Manchar
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Dark sector

@ recently strong interest in dark sector models
@ introduce a vector boson A, and often a dark Higgs h’ by a Higgs
mechanism

@ can explain the inconsistencies observed in astrophysical data and
dark matter experiments
> positron excess but no p excess (PAMELA - figure left)
» direct detection of dark matter (DAMA/LIBRA - figure right)

n

ofe")  (olehs ol
7

AV ECAVAVE VAV AVAvENE A"

Positron fraction

,
/

Residuals {cpd kafkeV)

2

Eneray (GeV) Time (day)

M. Pospelov et al., arXiv:0711.4866

N. Arkami-Hamed et al., arXiv:0810.0713
PAMELA. Nature 458, 607-609_ (2009 E.J, Chun et al., arXiv:0812.0308
DAMA/‘LiBRA Eur. Phys. J. C (2008) 56: 333-355 C. Cheung et al., arXiv:0902. 3246

A Katz et al, arXiv:0902:327

D. Morrissey ‘et al., arXiv: 0904 2567
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Dark Photon

e Massive vector particle A’ mixes with
the SM ~.

e Can decay to experimentally invisible
A’ — x1x2 final state.

= Require ISR ~:
s—mi,

Eyisr = —5;
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Dark Photon

107
w
107
Belle Il simulation 20 fb

1074 = NAB-

ap=05,m, =m,/3 T
10°° I I

10

1
m,. (Gev/c?)



https://arxiv.org/abs/1808.10567

Dark Photon

107 ; e ALP-strahlung experimentally easier
w ] than ~-fusion.
s i e Three photons within tracking
107

acceptance:

Belle Il simulation 20 fb>

= Add up to beam energy.

— Zero tracks.

— Bump in di-y mass.

a,=0.5,m =m,/3

107

=B
o

1
m,. (Gev/c?)



https://arxiv.org/abs/1808.10567

107

Dark Photon

10°°

o Belle Il expected sensitivity
; . T T

2 |
5 107 F Pror%

Can,

3
inv. d‘”hps

B787, E949 =
- 10 A

T 10t F

Belle Il simulation 20 fb s
10" F

10°F

1 ayz =0

o
gelle\ 0 Ajz_.

ST

1
m,. (Gev/c?)
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https://arxiv.org/abs/1808.10567
https://arxiv.org/abs/1709.00009

Neutral Reconstruction:

ey Belle II Strength

efe” = putuTy
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Vahoton

—
<
o
-
Z
7]
@
C
]
>
w

Pull

e T |
400— -
E —+Data E
350 Fit =
E—FI E
300F— -
250~ Belle Il 2018 (Preliminary) =
2001~ J‘L dt =261 pb” =
150 ;7 u, = 0.998 +0.001 *;
100 ; é
sof- =
Nz " i | S
0.6 0.8 1 1.2
E T L T T 3
o™ ~:,_%~_‘:* T e I =
A I R . L]
06 0.8 1 7.2
E(ECL) / p(recoil)
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Neutral Reconstruction: Key Belle II Strength

ete” = ptuTy s
P
o
@
Vahoton
z

= Ready for dark matter searches
photon triggers

[y T T |
400~ —
F -+ Data E
350 Fit =
F—FI B
300 =
250~ Belle Il 2018 (Preliminary) =
2001~ J‘L dt =261 pb” =
150F- |\ - 0.998 +0.001 E
100; é
sof- =
Nz " i | S
0.6 0.8 1 1.2

E T T T T T ]
2 L - i - . PR,
Oy e e e
A R w\ A E
0.6 0.8 1 T2
E(ECL) / p(recoil)

with NEW single € triple
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First Belle II publication

PHYSICAL REVIEW LETTERS 125, 161806 (2020)

Axionartige Teilchen

Search for Axionlike Pa

Produced in e* e~ Collisions at Belle 1T

E. Abudinén,” 1. Adachi.*""* H. Aihara.""* N. Akopov."*' A. Aloisio, Anh Ky.*"' D.M. Asner.*
T. Aushev,” V. Aushev.”” V. Babu.” S. Baehr.*® S. Bahinipati,” P. Bambads B e,'™ S. Bansal.** J. Baudot."”
e J. Becker.* P.K. Behera” 1. V. Bennett, Bernieri,*” F. U. Berlochner,” M. Bertemes,” M. Bessner,'™
Vo
Belle 11 (2018) 1 Data_
2 ks 4 ko) & 400 = ete —nyly)
g = (kg + ko) % Lot = 445 po=t e eter(p
. ,; @ ete” —yyly)
Pete- = Pet +Pe- > 777/, MC stat. uncertainty

(U]

VoKL = = —k)?

> recoil = (Peve- = K)
L &
3
* S
r H
8
p:" e+
60
Miecon [GeVZ/c*]
" ..
Belle Il simulation

Gayy [GeV~1]

New pl

10t
m, [GeV/c?]




ALP searches in rare B decays

* When axion-like particles couple to SU(2) gauge bosons, they
can be produced in rare B decays

a— 7y
b u/e/t S ‘ .
Ky — ' ) LEP oy 500/50
1073 F - | pabar.?
w= T 10tk i
N O
N N a i
R S 105
N
Y 107 F y . 1
| i
a 0.1 1 5

M, [GeV]

Slides 30-33 from Brian Shuve’s at the
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https://indico.belle2.org/event/2920/contributions/14651/attachments/8624/13350/Shuve_displaced_photons.pdf
https://indico.belle2.org/event/2920/

(0.0008)
%
2

IS
o
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S
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Events / ( 0.0024
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3 3
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« Reconstruct BY — K*a, a — 77y candidates, look for narrow
peak in diphoton invariant mass spectrum

* Train a BDT using signal & background MC events, include shape
variables, kinematic information, track/cluster multiplicities, PID, ...

S ile
8 10 70 e Data [ e*te’—qq
- = - =0
g n B e'e —>B'B e'e —B"B
o BABAR
.6 10° preliminary
£
L
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on ALP coupling

* The coupling g,w predicts both ALP BF and lifetime

 Use limit on BF as function of lifetime to set limit on g,w

* Improve limit on
coupling by over
2 orders of
magnitude for
many masses!

— BABAR 90% CL
IBABAR preliminary

108l
_m, (GeV)

1

Belle II analysis starting at KIT now (WS19/20 TP2 student)

New ches 023 34 /49
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Additional channels: challenging combinatorics

Search for the dark Photon and dark Higgs boson in 6-body
FS at Belle.

ete” — Ah' — AAA with A — 11~ (I = e, 1) or hadrons

1", hadron

.~ I", hadron
“ I, hadron
. I', hadron
A’ " I*, hadron
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.211801

New physics in right handed currents
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Right-handed currents

Despite the tremendous success of the SM, there are still
open questions that are unanswered and motivate further
model-building. E.g.,

1) Quark and Lepton flavour & mass hierarchy,

2) Matter dominance.

A common model-building steps towards solving such grand
questions is to extend the gauge structure of the SM.

One of the simplest extensions involves an additional right handed
SU(2).
= New heavy gauge bosons W, Z and new heavy charged and neutral
Higgs particles.

= Quark flavour mizing matrices Vi, = Vogy and Vi describing left-
and right-handed charged current interactions; introduces 5
additional C'P phases.
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Recall the mass hierarchy of the elementary particles

in units of
3
Ve (~0) v, (~0) v, (~0) <10°
e (5-10%) w (0.105) 7" (1.78)

DI, D A, petieran

u (3-109) c (1.3) t (170)
d (6-10%) s (0.100) b (4.5)

[=1[«]

| Particles in a given family distinguished only by the mass! |
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and the SM gauge:

Quarks
(@), (). (), & & o i
d)/ \s'/ \b') dp sg by —1/3
+ Leptons

Fundamental Forces

Gauge

Theory } : SU(3) ® SU(2),. ﬁ U(l)y Neutral
QCD U)o Hlage
Strong —_—

Interactions Electroweak Interactions
(Gluons) (W<, 29 ¢)

har rrent Interactions onl ween left-han rk

W* tL g2 1_ 'V
WW<dL 2\/57,,1( Ys) td
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Operator product expansion in the SM

Wilson ocal {K’ B1 D’}
Coefficients Opcramrs l_

G, A(M—>F)= C,NZC () (FlQ (w)M)

Hs=—V, C- ;
eff \/5 CKMZ i 1 mr,{v . } Mw u=0(1 GeV,m,) 0
Short RG Long Distance

u, K'y,...
Four Quark _ ML, K,
Q H K Interaction Sd)v_ A(sd)v_ N /
Vertex " .
Top Renormalization| |Lattice, I/N
{SUSY} Group . HQET, QCDS

HE.. Z(“ tog M= ) ChPTh
n

CH) M Gommtin, )| 0
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Operators: SM and NP

b=>s, (SM) b—>s.(NP)

e QCD Penguin operators
Qss = (B)yv-a(@)vsa — Qss=(5b)yvia (@) vea
Q4&_('5 b; )L—i(ﬁl}')vm — Q4,ﬁ (5'5‘ )HA(Q;Q: V+A

e Chromo, Electromagnetic Dipole Operators

QT'}' = #rﬂ,bgsg’ﬁ”(l + ﬂ."’ﬁ)bSFpV - Q'n"‘r - sngrnb‘s gﬁw(l _ryr)bt'ng
ng = %W!‘bgﬂ"ﬁw(l T "IF‘.-}JtHEJG:w — Qgﬂ. = ’}‘5JtubG;

1

o Electroweak Penguin Operators
Qo= 3(531)\-_1« €, (Gq)vin — Q?,.{; = S(EbJ\-'+,-\ €, (Gq)v=a
Qs10 = %(Egbj)v—_& g (G;@:)ven — Qs = E(S‘;b}-)vﬁ e, (0 )vea

Right-handed current is a signature of new physics
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Where can we search for RH currents?

Flavor changing neutral current transitions (FCNC): change the
flavor of a fermion current without altering it’s electric charge

B—Xs Y (meson level) K

b—sY (quark level)

@

FCNC in SM only possible via loops.

New physics contribution can be comparable and even dominating to
(small) SM amplitudes.

New physics appears not only in modifications of branching fractions,
but also in asymmetries (e.g., C'P) and in angular effects.

= Sensitive also to spin structure of new physics
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How do you measure RH currents?

The most powerful method is with time-dependent C P
violation measurements in B — K*(K37%)~ decays.

SM favored SM disfavored,

enhanced with BH current
Ye YR
b /JUW b, \

helicity flip
x my, ~4.8 GeV

hei
“, Yl
Sp "7Gey, SR
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Time-dependent C'P asymmetry in B — K*(

A(At) = Ssin(AmAt) + A cos(AmAt)

Possible due to interference with mixing between dominant decay helicities
b— sy or b— SYR

and suppressed decay helicities:
b— syr or b— 3L

In SM one naively expects:

Skomoy = —27* sin2¢1~ —0.03

Sensitive to helicity-changing NP contributions.
Example: Left-Right symmetric model

— SKgﬁov ~ 0.67 cos 2¢; ~ 0.5
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B — K*v at B-factories

PRELIMINARY

K ' ySp vs Cy,p D

c
087

04 .
s

,ML\

0.8 0.4 0 04 0.8
Scp

BaBar
Belle
Average

Cantours ghe -24(1 L] - 47" - 1, cariezpending to 60.7% CLfer 2

S=-016+£022 (C=-0.04+0.14

Measurements statistically limited
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B — K*v at B-factories

0
K.m'yS,, vs C,., X
Cen sT TScp VS Lop Lapze
0.8y T T
BaBar
Belle
Average
0.4 +
5 ab-1
0
-0.4
08 n.\ ! J
-0.8 0.4 0 0.4 0.8
o - . SCP

S=-016+0.22 (C=-0.04£0.14

Measurements statistically limited

\
0(Sk+y) ~0.09 @ 5ab~!
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B — K*v at B-factories

K 7' 7S¢p vs Cop B

0.8y
BaBar
Belle
Average
0.4
5 ab-1
o L .
-0.4 -
\ 50 ab-1
sl ‘ . |
-0.8 -0.4 ] 0.4 0.8
. . _ _ SCP

S=-016+£022 (C=-0.04+0.14

Measurements statistically limited
(2
0(Sk+y) ~0.09 @ 5ab~!
~0.03 @ 50 ab™!
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B — K*v at B-factories

=0
z §g S(p%)
B0 — Sy
$06
%05 S(Kat)
0.4 '
0.3 *
0.2
0.1 &
! Belle Ii 13
improved Ks
vertexing i
SM(K*y)
Belle I Projection
0.02 il P ST | P

1 10
Integrated Luminosity [ab™

S=-016+022 C=-0.04+0.14

Measurements statistically limited
4
0.09 @ 5ab~!

U(SK*’Y) ~
~0.03 @ 50 ab!
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RH currents also modify CKM angle ¢3(7)

Additional C'P phases from right-handed charged current
interactions

b Ve ¢ .0
; :E a D A(B* — D°K*) = A,
B_ VL* s
s K— . otd i )
U ————— A(B* = D°K*) = Apr,e®px+iox
L R A(B~ - D°K™) = Ap,
V’ubﬂ Vub ) ,
b U 70 A(B - D°K") = Apr_ef-épriion)
B~ c
VIS5 - SM null test: r+=r-in SM
U ———

(BT - D°K*)-T(B~ = D°K~) r2—-r?
Acp(Bt = D°K) = - _T
or( ) (Bt — D°KY)+I(B- - D°K~) r2+r%’
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RH currents also modify CKM angle ¢3(7)

A(B+ — D0K+) — |AL|64(¢§‘+5L) 4+ |AR|ei(¢§+Jﬁ)
A(B™ — DK™) = |Ag|el=#3+0L) 4 | Ap|ei(—95+0r)

L(R L(R)*
¢3( ) = a‘rg(Vub[ ))

. A(B~ — D°K-) 1— |Rpk[?
L S — + Opr+y — - |"'DK]
Rox=e¢ A(B* — DOK+) Acr(B™ = D'K™) = 1+ |Rpk|?
_ L+ [Ag/Ag|e e
1+ |Ap/Ay|eif-65+9 ¢pk = ¢5 — arg(Rpk)/2.
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e Belle IT expects to improve precision to o &~ 0.3°, f ~ 1.0°, v =~ 1.5°.

e Improvement in precision should help to resolve the tension in R(D(*)), R(K),
inclusive and exclusive measurements of |V,;,| and |V,,|, and more.

Future sensitivities assuming data consistent with the SM

Belle 5ab™*, LHCb 7fb™" (2020) Belle 50ab~*, LHCb 50fb™" (2030)
1.57 T T T T 15 T
10 7() - 10 T(o) —
o5 ] 05 [Vao| ]
IS o0 I 00 \ .
as] 1 osh 1AV 8 Vol
»|.uf— »I.ﬂ; y(at)
F Eo4 gt |
1500 Py AR E P B I I

Teilchenphysik II - Flavor Phj ew phj ches 3/2/2023 48 / 49


https://arxiv.org/abs/1309.2293

ra reading

F. Bernlochner et al., Semitauonic b-hadron decays: A lepton flavor
universality laboratory.

G. Ciezarekl et al., A Challenge to Lepton Universality in B Meson Decays.
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https://arxiv.org/pdf/2101.08326.pdf
https://arxiv.org/pdf/1703.01766.pdf

